reported that acetate and a number of other substrates were oxidized under anaerobic conditions by nonproliferating suspensions of Eschrichia coli when fumarate was added as an oxidant. These observations resulted from a study of the role of fumarate in respiration, and no consideration was given to the mechanism of acetate oxidation. The over-all reaction for the oxidation of acetate is illustrated in equation (1).
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CH3-COOH + 4HOOC-CH==CH-COOH
+ 2H20 -* 4HOOC-CH.-CH2-COOH (1) + 2CO2 The present studies were undertaken to determine which mechanism or combination of mechanisms accounts for acetate oxidation in the presence of fumarate. The following posibilities were considered: (1) the direct oxidation of acetate to carbon dioxide, (2) the oxidative condensation of two moles of acetate to yield succinate (Thunberg condensation), and (3) the tricarboxylic acid cycle.
The results of experiments with acetate-1-C4 showed that most of the isotope was located in the succinate and that the residual fumarate and respiratory carbon dioxide were essentially unlabeled. These data eliminated the possibility that acetate was oxidized directly to carbon dioxide; thus, the most probable mechanism was the tricarboxylic acid cycle, but It is possible to distinguish between the two isotopic types (a and b) by measuring the mass abundance of the molecules per se (Wood, 1952) . The types of succinate to be considered are as follows: HOOC-13Hz-C12HrCOOH_ H2C"3=C"3H2, mass = 30; HOOC-C3Hz-CuH, COOH _ H2C'=C'2H2, mass 29; HOOCC12Hr-C12Hr-COOH --H2C12=C'2H2, mass = 28. In order to obtain the molecules in gaseous form and to eliminate the mass effect of the carboxyl groups, the succinate was converted to ethylene in such a manner as to obtain the methylene carbons as ethylene. It is possible by mass spectrometry to determine the respective amounts of doubly and singly labeled ethylene and unlabeled ethylene in a mixture and, therefore, the relative quantities of the corresponding species of succinate. This has been done in the present experiments, and the results showed that no doubly labeled succinate (type a) is formed from acetate.
MATERILS AND METHODS E. coli, strain E-26, was cultured and harvested as previously described (Swim and Krampitz, 1954a) . Freshly harvested cells were used in all experiments. The usual Warburg technique was used, and the isotope experiments were carried out in 125 ml Warburg vessels containing 10 ml of reaction mixture. The reactions were terminated by the addition of sulfuric acid to pH 1.5, the cells removed by centrifugation, and the organic acids determined by partition chromatography on celite (Swim and Krampitz, 1954a) . The various acid fractions were collected and oxidized to carbon dioxide by chromic acid (Van Slyke and Folch, 1940) . The Cu4-carbon dioxide was precipitated as barium carbonate and assayed for radioactivity with an end window G-M tube counter. Self-absorption corrections were applied. When C'3 was employed, the carbon dioxide and ethylene were analyzed in a Nier type mass spectrometer (Nier, 1947) , and the results are reported in atoms per cent C's.
Acetate was degraded according to Phares (1951) . Succinate was degraded by using the following series of reactions: The succinate was decarboxylated by Micrococcus lactilyticus (Swim and Krampitz, 1954b) and the resulting propionate converted to ethylamine, as described by Phares (1951) . The ethylamine was isolated as the hydrochloride and converted to dimethylethylamine hydrochloride by heating in a sealed tube with formaldehyde and formic acid according to the Eschweiler-Clarke (Eschweiler, 1905; Clarke et al., 1933) modification of the Leuckart reaction. The excess formaldehyde and formic acid were removed by distillation in vacuo. The dimethylethylamine hydrochloride was dissolved in water, the pH adjusted to 12 with sodium hydroxide, and the amine distilled into a trap containing ether and cooled in a dry icecellusolve mixture. The ether solution of dimethylethylamine was dried over sodium hydroxide pellets and distilled into a trap containing an equivalent quantity of dry methyl iodide. The mixture was warmed to room temperature, allowed to stand for 6 hours, and the trimethylethylammonium iodide was removed by filtration. Ethylene was obtained from the trimethylethylammonium iodide and purified for mass spectrometer analysis, as described by Wood (1952) . A portion of the ethylene was oxidized to carbon dioxide by passing through a tube containing copper oxide at 350 C.
The acetate-1-C'4 was synthesized as described by Sakami et al. (1947) . Acetate-2-C'3 was synthesized from methyl iodide prepared from C"-carbon dioxide (Nystrom et al., 1948; Little and Bloch, 1950 The "C2" might be a specific hydrogen acceptor for the Thunberg condensation. The "C2-H2" but not the "C2" might be specific for the condensation reaction to yield the "Ce" which is oxidized to carbon dioxide and succinate. Mass analysis of types of succinate. There are three equations which may be set up to characterize the mixture of succinate. These equations were derived by Wood (1952) Volume of reactants, 10 ml containing 2.5 ml 10 per cent suspension of Escherichia coli, 1.0 mm phosphate buffer, pH 6.8, 400 iM sodium fumarate, 100 pM sodium acetate-i-C4 (1,650 cpm per pm); 2 ml 3 N sodium hydroxide in center well and 4 mm of sulfuric acid in side arm. Gas phase, helium. Temperature, 30 C. Duplicate flasks were employed for each analysis.
of C" in the methyl carbon of acetate; the labeled source (atoms per cent C" per 100).
The procedure used in studying the type of succinate formed from acetate-2-C3 may be summarized as follows. The succinate was converted to ethylene, and the ratios H2C0=Cl3H=/ H2C"=C'2H2 and H203-C2H2/H2C02C02H
were calculated from the relative abundance of mases 30, 29, and 28, as determined by the mass spectrometer. In addition, the average per cent C3 in a combusted sample of ethylene was measured. The average F was calculated from the initial and final concentration of C13 in the ace- (2) and (3) or (2) and (4). The value for N was obtained by subtracting the sum of D and S from unity.
Oxidation of acetate-2-Cu. The experiment was conducted in the type of flask previously described (Swim and Krampitz, 1954a) 
DISCUSSION
The present studies are in complete agreement with the earlier work (Swim and Krampitz, 1954a) which showed that acetate oxidation by E. coli occurs via the tricarboxylic acid cycle. The oxidation of acetate in the presence of fumarate may be considered to proceed as follows. The primary step involves a dismutation of fumarate to yield oxalacetate and succinate. The oxalacetate condenses with acetate to yield citrate, and the latter is converted oxidatively to succinate with the removal of two carbons, as carbon dioxide, with the concomitant reduction of the required quantity of fumarate. When no acetate is added, the oxalacetate produced from fumarate has only endogenous acetate to condense with, and the over-all reaction occurs at a slow rate. In addition, oxalacetate is a well known inhibitor of succinic dehydrogenase (Pardee and Potter, 1948) and in the absence of acetate could conceivably accumulate in a sufficient quantity to inhibit the reduction of fumarate. According to this series of reactions, the respiratory carbon dioxide is equivalent to the acetate utilized and is formed from tertiary carboxyl carbon of citrate and the alpha carboxyl of a-ketoglutarate which are derived from the carboxyl carbons of fumarate-malate. In the absence of an oxidant with a sufficiently high oxidation potential to accept electrons from succinate, acetate oxidation does not proceed beyond this point. In such a system, where recycling does not occur, all of the succinate synthesized from acetate-2-C03 is singly labeled, and, therefore, the tricarboxylic acid cycle accounts quantitatively for acetate utilization. (Swim and Krampitz, 1954a) .
Isotope from the carboxyl carbon of acetate does not appear in the respiratory carbon which confirms the Ogston hypothesis (Ogston, 1948) as applied to citrate. Kalnitsky et al. (1943) The evidence presented by Ajl and Kamen (1951) and Ajl (1951a, b) for the occurrence of acetate condensation in E. coli, strain E-26, is based primarily on the results obtained from isotope carrier experiments. Objections to the validity of this type of evidence have been noted previously (Swim and Krampitz, 1954a) .
It is generally accepted that the tricarboxylic acid cycle is the main pathway of acetate oxidation in animal tissues. This conclusion is based, in part, on the rate at which intermediates of the cycle are metabolized and on the results obtained by employing malonate as an inhibitor (Krebs, 1943) . The results of isotope studies also indicate that this pathway is of considerable quantitative importance (Wood, 1946) . Many microorganisms, on the other hand, do not satisfy the criteria on which the cycle was based in animal tissues. This has led a number of investigators to conclude that the tricarboxylic acid cycle either does not occur or is of little quantitative importance in these microorganisms (cf Ajl, 1951b and Krebs et al., 1952 , for reviews).
It seems likely that rates of oxidation of intermediates and malonate inhibition may not be reliable criteria for excluding the cycle. For example, in the present studies the resting-cell suspensions of E. coli oxidize acetate at a rapid rate when either fumarate or oxygen is employed as an oxidant, whereas a-ketoglutarate is oxidized at a slower rate and citrate is not metabolized; also, malonate does not effectively inhibit acetate oxidation (Lenti, 1946) . Citrate and a-ketoglutarate, however, have been shown to be intermediates (Swim and Krampitz, 1954a) , and the present results indicate that the tricarboxylic acid cycle accounts quantitatively for acetate oxidation. Permeability is an important factor in the utilization of citrate by E. coli since dried cells (Lara and Stokes, 1952) and cell-free preparations (Swim and Krampitz, 1952) oxidize this compound at an appreciable rate. However, the use of treated cells to evaluate the role of the tricarboxylic acid cycle in normal cells is extremely hazardous because enzymes may be inactivated partially or completely and, thus, make it impossible to compare the metabolic activities of treated and untreated preparations. There are indications, however, that in addition to permeability other factors may be involved in the metabolism of citrate by E. coli. For example, citrate is utilized by growing cells in a medium containing glucose (Vaughn et al., 1950) and by resting suspensions when grown on a citrate-glucose medium (Szulmajster et al., 1952) . (Barron et al., 1950) , whereas the E' for the fuimarate systems is 0.00 volts (Kalckar, 1941) . If acetate condensation occurs aerobically, it would be necessary to postulate a rather specific electron transfer mechanism which is capable of transferring electrons to oxygen but not to fumarate. At the present time we are not aware of any data which support such a proposal.
The metabolic patterns of nonproliferating suspensions of cells, however, do not necessarily reflect those operating during growth. Certain strains of E. coli will grow on a medium containing acetate as the sole source of carbon, and, therefore, the tricarboxylic acid cycle may not account for all the acetate metabolized under these conditions. The findings of Cutinelli et al. (1951) , who studied the synthesis of amino acids byE. coli grown on a medium in which ClSI3HC14-OO was the only source of carbon, are in accord with theview that the tricarboxylic acid cycle supplies the carbon skeletons in the synthesis of these compounds. This would require, in addition to the tricarboxylic acid cycle, a net synthesis of C4-acids from acetate by a mechanism which is unknown. Foster et al. (1949) 
